Mixed manganese and cerium oxide supported on HZSM-5 were synthesized and used as heterogeneous catalysts for ozonation of bisphenol A (BPA) in aqueous solution. The prepared catalysts of Mn-Ce/HZSM-5 were characterized by X-ray diffraction, scanning electron microscopy and Fourier transform-infrared spectroscopy. The results indicated that Mn-Ce/HZSM-5 exhibits extraordinary catalytic activity for the degradation of BPA. Removal of 89.3% of BPA and 90.4% of total organic carbon (TOC) was achieved in 30 min, compared to non-catalytic ozonation, where only 50.5% BPA and 28.1% TOC removal were reached under the same conditions. Adsorption of BPA on HZSM-5 support and Mn-Ce/HZSM-5 catalysts was negligible. The strong inhibition of BPA removal by tert-butyl alcohol indicated that the attack of hydroxyl radicals was responsible for the improvement of catalytic ozonation. It was observed that at neutral pH, which is near the point of zero charge of the catalyst, the catalytic activity reached its maximum. Increasing the amount of Mn-Ce/HZSM-5 catalyst until it exceeded 3 g/L did not show a strong effect on BPA removal. The catalysts showed high stability and reusability.
INTRODUCTION
Bisphenol A (2,2-bis-(4-hydroxyphenyl)propane; BPA) is used as monomer for various polymeric materials, such as polycarbonate, epoxy and unsaturated polyester-styrene resins (Yamamoto et al. ) . It can be found in packaging of food products and pharmaceuticals, medical equipment, beverage containers, baby bottles, and some kitchen utensils (Keykavoos et al. ) . Recently, concern has grown considerably about its safety since it was classified as an endocrine disrupting compound (EDC) by USEPA (). It was reported that BPA causes irreversible and sustained damage to the endocrine system and immune system of the organism (Yuksel et al. ) . Studies in animals and humans have confirmed that it is estrogenic at concentrations below 1 ng/L (Wilson et al. ) . BPA is released into the aquatic environment through a number of routes, including discharge from treated wastewater plants, effluent from BPA production units or BPA-consuming facilities, and leachate from landfill waste sites (Garoma & Matsumoto ) . It has been detected with a high frequency in surface waters. The concentrations were up to 21.5 μg/L in urban wastewaters, 12.3 μg/L in landfill leachates, in the range of 1.92-11.1 μg/L in industrial wastewater, 0.14-0.98 μg/L in treated effluents and even 0.5-2 ng/L in drinking water (Zhang et al. ) .
Owing to the toxicity and high detection frequency in aqueous solutions, numerous studies, including physical removal, biodegradation and chemical oxidation on BPA removal, have been performed (Poerschmann et al. ; Zhang et al. ) . Among these techniques, advanced oxidation processes (AOPs), which are based on the generation of hydroxyl radicals (•OH), have proved to be promising methods for BPA removal. Existing research shows that ozone (Garoma & Matsumoto ) , Fenton and Fenton-related processes (Poerschmann et al. ) , photolysis (Neamtu & Frimmel ) , photocatalytic (Lu et al. ) and various combinations of these had good treatment effects for BPA. The application of ozone is being studied increasingly since ozone is one of the most active oxidants available both in drinking water disinfection and degradation of organic contaminants in wastewater. A number of research groups have worked on BPA removal with ozone (Garoma & Matsumoto ; Umar et al. ) . However, the efficiency of ozone is relatively low and total mineralization is not always achievable. Therefore, heterogeneous catalytic ozonation as a type of novel AOP have been developed. Keykavoos et al. () investigated BPA removal by catalytic ozonation using alumina as a catalyst, and excellent BPA removal and mineralization was found based on the effective removal (90%) of total organic carbon (TOC).
The choice of the catalyst in a catalytic ozonation system is essential due to its ability to transform ozone into more reactive species. Recently, metal-modified porous materials were found to be a type of promising catalyst in a catalytic ozonation system for the degradation of recalcitrant organic pollutants (Kong & Chen ) . And much attention has been paid to catalytic ozonation with bimetallic oxides (composite oxides of iron and another metal element). These metal oxides were found to facilitate the generation of active species, e.g., •OH under mild experimental conditions or/and enhance adsorption and reaction of the pollutants on the surface of the catalyst (Ikhlaq et al. ) . Moreover, catalyst supports play important roles in catalytic ozonation; HZSM-5 zeolite has a well-defined structure and large specific surface area and therefore it has been widely used as catalyst support (Vieira et al. ) . A wide variety of metal ions (Fe, Mn, Cu, Co, Ni, Ce, etc.) and their oxides have been introduced into HZSM-5 to obtain appreciate catalytic properties (Li et al. ) .
In this paper, HZSM-5 supporting Mn-Ce as a catalyst was prepared, and its application in BPA degradation in catalytic ozonation was introduced. BPA and TOC removal efficiency were compared between various processes. Furthermore, the possible catalytic mechanism was investigated via analysis of metal ions leaching, the effect of hydroxyl radical scavengers, initial pH and variations in catalyst dosage. The reusability of the catalyst was evaluated in four catalytic ozonation processes.
MATERIALS AND METHODS

Materials and reagents
The BPA (99%) was supplied from Aladdin Industrial Corporation Co., Ltd (Shanghai, China). Manganese nitrate, cerium nitrate, sulfuric acid and sodium hydroxide were purchased from Tianjin Bodi Chemical Co., Ltd (Tianjin, China). All chemicals and reagents were analytical grade. The HZSM-5 was obtained from the Catalyst Plant of Nankai University (Nankai, China). According to the supplier, the HZSM-5 has an Al/Si ratio of 38, an average pore size of 0.6 nm, a surface area of 323 m 2 g/L and the relative crystallinity is over 95%.
All stock solutions were prepared with purified water (18 MU cm, DOC < 0.5 mg/L) obtained from a Milli-Q Millipore system (Bedford, MA, USA).
Catalyst preparation and characterization
Iron-loaded HZSM-5 was prepared by an impregnation method. The purchased HZSM-5 was first washed with distilled water, and then dried at 343 K for 2 h prior to use. Manganese nitrate and cerium nitrate were used as the iron source for synthesis of the catalysts. The Mn/Ce ratio was 2:1. An appropriate amount of HZSM-5 was dipped in the solution and mixed in a shaking incubator for 16 h. After impregnation, the product was dried in a vacuum oven at 343 K for 2 h, followed by calcining in a tube furnace at 823 K for 3 h to get the final catalyst. The calcined sample was crushed into 10-20 mesh sizes and taken for the catalytic activity tests. The total theoretical loading amount of Mn and Ce for the final product was 5% wt.
Powder X-ray diffraction (XRD) measurements of the catalyst were recorded using Cu Ka radiation in the 2θ range of 0.6-3.0 (low angle) on a Rigaku-D/MAX-2500 VPC X-ray diffractometer (Rigaku Corp. Tokyo Japan). Surface morphology was characterized on a Quanta 200 scanning electron microscope (SEM, FEI, Eindhoven, The Netherlands). Fourier transform-infrared (FT-IR) spectra were obtained using a FT-IR spectrometer (NEXUS670, Madison, WI, USA). The point of zero charge (PZC) of HZSM-5 and Mn-Ce/HZSM-5 catalyst was determined with a mass titration method (Reymond & Kolenda ) .
Ozonation and catalytic ozonation procedure
Semi-batch experiments were carried out at room temperature in a borosilicate glass reactor (h ¼ 300 mm, U ¼ 70 mm), which was equipped with openings for the ozone gas inlet and outlet and sampling collection. In each catalytic ozonation experiment, a known amount of catalyst was added, together with 1 L BPA solution, followed by continuous bubbling of ozone gas. Ozone was generated by a laboratory ozone generator (CF-G-3-010J, Qingdao Guolin Ozone Equipment Co., Ltd, Qingdao, China) from pure oxygen. The unreacted ozone leaving the reactor was absorbed by 0.5 M Na 2 S 2 O 3 solution. A solution of BPA was prepared in Milli-Q water and the pH of the solution was adjusted to the desired value using 0.01 M H 2 SO 4 and 0.01 M NaOH without using any buffer. For comparative purposes, adsorption on catalysts and ozonation experiments was performed in the same system, under identical experimental conditions. In the adsorption test, adsorption on Mn-Ce/HZSM-5 was carried out using air but not ozone to keep it identical to the ozonation process. To study the •OH scavenging effect on BPA degradation in ozonation alone and catalytic ozonation, experiments were carried out in the presence of 60 mM tert-butyl alcohol (TBA). Water samples were taken at given time intervals in vials (25 mL) containing 0.5 g Na 2 S 2 O 3 to quench the continuous ozonation reaction. The experiments were conducted in duplicate.
Analytical methods
The BPA concentration was determined by a Shimadzu LC-20A HPLC (Shimadzu Co., Kyoto, Japan) equipped with a C18 column (150 mm × 6.0 mm, 5 μm) and UV-visible detector (Waters 2489, Milford, MA, USA) set at 280 nm. Ozone in the gas phase was monitored by means of an Anseros Ozomat ozone analyzer (IDEAL-2000, Zibo, China) based on absorbance at 254 nm. The aqueous ozone concentration was determined by Indigo method (Bader & Hoigné ) . TOC was determined with a TOC-VCSH Shimadzu analyzer (Shimadzu Co., Kyoto, Japan) equipped with ASI-V auto sample, which operates based on the combustion of the organic matter. Solution pH was measured using a single function pH electrode (R-27012-06, Cole-Parmer Inc., New York, NY, USA). The metal ions loaded in the catalyst and the leaching amounts in the reaction system were analyzed by inductive coupled plasma-atomic emission spectroscopy (ICP-AES, IRIS IntrepidIIXSP, Thermo Fisher, Waltham, MA, USA).
RESULTS AND DISCUSSION
Characterization of catalysts ent in the diffractogram, which indicated that the product was pure HZSM-5. No manganese and cerium species peaks were found, indicating complete dispersion of metal oxides in the surface of HZSM-5. The intensity of the peaks after introducing the metal species was decreasing, suggesting the framework had collapsed. The SEM micrographs of HZSM-5 zeolite before and after loading Mn and Ce are illustrated in Figure 2 . Comparison between micrographs of the HZSM-5 and iron-loaded HZSM-5 indicated that they had analogous morphology. However, there exist distinctive differences in particle size in the micrographs. The particles of HZSM-5 tended to aggregate after introducing the metal species, leading to the increase of size, and the size of gaps between particles decreased.
The prepared Mn-Ce/HZSM-5 catalyst was further analyzed by FT-IR spectroscopy throughout the range of 500-4,000 cm À1 (Figure 3) . No new absorption peaks appeared after the oxide was loaded onto the support, indicating that chemical bonds were not formed between Mn/Ce and HZSM-5. It is therefore deduced that Mn and Ce entered the molecular sieve pore or loaded onto the surface of the molecular sieve of HZSM-5, through physical mixing. The band at 450 and 546 cm À1 of HZSM-5 which are associated with the vibration absorption peak of T-O (T ¼ Si or Al) (Zhang et al. ) , had a slight declination for the Mn-Ce/HZSM-5 catalyst. Such intensity reduction is normally an indication of crystallinity loss. The bands at about 1,093 cm À1 are due to internal asymmetric stretching vibration of tetrahedral (Si, Al)O 4 , whereas the bands at about 1,225 cm À1 were asymmetric stretching vibrations with a group of two or five rings in the outer surface connected by the double helix structure (Varzaneh et al. ) . The band at 3,450 cm À1 was caused by absorption of hydroxyl and/or water molecules. They are manifestly compatible with the band at 1,634 cm À1 associated with the hydroxyl bending mode of water molecules.
BPA degradation by ozonation and catalytic ozonation
The degradation of BPA through time under different processes was evaluated as shown in Figure 4 . Dimensionless concentrations were calculated as a fraction of initial BPA concentration. It was observed that BPA degradation was not significant (7.3%, by HZSM-5; 8.2%, by Mn-Ce/HZSM-5) by adsorption onto Mn-Ce/HZSM-5 within 30 min under the conditions used here. It was believed that BPA could not be adsorbed onto the surface of a catalyst because of its physical-chemical property. BPA has a low hydrophobicity of 3.32 at 25 W C that limits its adsorption (Choi et al. ) .
The adsorption behavior also depends on the surface charge (zeta-potentials) of the particles and the related point charge of BPA (Horikoshi et al. ) . The pH PZC of HZSM-5 and Mn-Ce/HZSM-5 was determined to be 7.2 and 6.9, respectively, whereas at pH 7.0, the zeta-potential is, respectively, either negative or positive. At this pH, the BPA exists in a molecular BPA state. As a result, molecular BPA was repelled via Coulombic forces by the negatively or positively charged HZSM-5 or Mn-Ce/HZSM-5 surface. The ozone alone process was able to remove BPA gradually from the system as time passed, achieving up to 50.5% removal in 30 min. It is because ozone selectively attacks activated aromatic rings or double bands present in compounds, which is the case with BPA. Fast reaction between ozone and some other aromatic compounds has also been reported by others (Pocostales et al. ) . In fact, aromatic compounds, such as BPA, have a higher delocalization of electrons and then exhibit high reactivity toward ozone. Gultekin et al. () reported that a constant high rate of 8.1 × 10 À3 s À1 was observed for 30 min of ozonation at an ozone addition rate of 4.05 mg/min and initial BPA concentration of 40 mg/L. Despite an acceptable degradation rate of BPA with ozone alone, the mineralization degree was not satisfied, as a considerable amount of unreacted TOC (over 70%) remained in the solution after 30 min treatment time (Figure 4(b) ).
When HZSM-5 was added into the ozonation process, only a slight improvement of BPA removal by 8.5% was attained at 30 min, which is almost equal to the sum of BPA removal efficiency of ozone alone and absorption of HZSM-5. It was indicated that HZSM-5 had low catalytic activity and active sites needed to be introduced to improve catalytic activity. Figure 4(b) also shows TOC removal for ozonation of BPA with HZSM-5. As can be seen, under the same operating conditions, adding HZSM-5 to the ozone process improved TOC removal by 26.3%. Deborde et al. () found that muconic acid derivatives, benzoquinone, 2-(4-hydroxyphenyl)-propan-2-ol, orthoquinone, and catechol were the major by-products in the ozonation process. Despite the fact that BPA adsorption was negligible on HZSM-5, those transformation products seem to have a strong tendency to adsorb onto HZSM-5.
In the catalytic ozonation with the Mn-Ce/HZSM-5 process, high efficiencies of BPA degradation and TOC depletion were achieved, with removal rates of 89.3% and 90.4% after 30 min, respectively. Comparing the ozonation alone results, it was deduced that the presence of Mn-Ce/ HZSM-5 leads to higher BPA removal and a higher degree of mineralization. The generation of •OH due to ozone decomposition on the surface of the catalyst was supposed to be mainly responsible for the improvement of catalytic ozonation. Further investigation confirmed the suspicion in the catalytic ozonation with Mn-Ce/HZSM-5 in the presence of the TBA process, where TBA was used to terminate the •OH radical reaction. As illustrated in Figure 4 , under the same operating conditions, the presence of TBA markedly inhibited BPA degradation: only 62.9% BPA was removed from the solution after 30 min. The proposed mechanisms generally assumed that catalysts accelerate the decomposition of ozone in the aqueous phase by the formation of surface oxygenated radical species, as well as promoting the formation of •OH radicals in solution. A similar decrease of BPA removal was observed in the ozone alone process in the presence of TBA, indicating that the ozonation process involved an •OH oxidation mechanism. So, it could be deduced that the oxidation mechanism of BPA in the Mn-Ce/HZSM-5/O 3 process occurred via •OH in the liquid solution.
Effect of initial pH on catalytic ozonation of BPA
Since the effect of pH on the catalytic ozonation process cannot be ignored, catalytic ozonation of BPA at a wide range of pH values from 3.0 to 11.0 was evaluated. As shown in Figure 5 , the smallest BPA removal efficiency of 76.1% was observed at pH 3 after 30 min. As the pH increased from 3.0 to 7.0, BPA removal efficiency increased, achieving about 78.8% and 90.1% at pH 5.0 and 7.0, respectively. It is well known that ozone decomposition is strongly dependent on pH and increases with an increase in pH. Thus, an increase in pH will result in an increase in •OH. The reactivity of BPA with •OH is significantly higher than with aqueous ozone. As a result, the greater removal efficiency was obtained at higher pH. However, BPA removal efficiency was slightly decreased as the pH increased from 7.0 to 11.0, achieving about 86.4% and 83.9% at pH 9.0 and 11.0, respectively. The reason may be that in basic pH conditions •OH radicals can be consumed with other •OH radicals to yield hydrogen peroxide as they are non-selective, and further chain termination reactions may occur, leading to the consumption of free radicals (Kusvuran & Yildirim ) . Conversely, in catalytic ozonation, pH could also affect the surface property of catalysts. For Mn-Ce/HZSM-5, its surface charge is both affected by the pH value of the solution and its pHpzc. In our study, when the solution pH was near the pH PZC of the catalyst, the catalytic activity of the catalyst reached its maximum. At pH < pH PZC , Mn-Ce/HZSM-5 was positively charged, whereas with pH > pH PZC , Mn-Ce/HZSM-5 was negatively charged. The increased electrostatic repulsion between BPA and the negatively charged catalyst in a basic solution system could also contribute to the decrease of BPA removal.
Effect of catalyst dosage on catalytic ozonation of BPA
Experiments were performed to evaluate the effect of catalyst dosage on the reaction by varying the amount of Mn-Ce/HZSM-5 from 1 to 4 g/L. Figure 6 shows that BPA removal was increased with the increase of catalyst dosage in the range of 1-3 g/L. For example, BPA removal in the presence of 3 g/L catalyst was 88.7%, whereas in the presence of 1 g/L catalyst, the removal was 69.1% in 30 min. However, a further increase in the catalyst dosage above 3 g/L resulted in a negligible increase of BPA removal (2.2%). It was deduced that there was an optimum catalyst loading, which results in the maximum concentration of •OH radicals. Similar results were found by Roshani et al. () . The greater removal of BPA was mostly attributed to the increase of the surface area of catalysts (Ikhlaq et al. ) , which in turn increased the •OH radical generation. It has been reported that in heterogeneous catalytic ozonation, radical chain reactions mainly take place on the surface of catalysts after ozone molecule adsorption, and a fraction of the generated •OH would transfer into the aqueous solution (Keykavoos et al. ) .
BPA removal efficiency by adsorption was almost the same when catalyst dosages increased from 1 to 4 g/L. The results coincided with our previous investigation that BPA was not easily adsorbed. It was confirmed that Mn-Ce/ HZSM-5 plays a catalytic rather than adsorption role in catalytic ozonation.
Stability of Mn-Ce/HZSM-5 for catalytic ozonation of BPA
The reusability and stability of the catalyst is an essential factor for its practical application. To investigate the stability of Mn-Ce/HZSM-5 for the removal of BPA, catalytic ozonation experiments were carried out using both fresh and used catalysts after four cycles under the same conditions. The results are shown in Table 1 . It was found that BPA removal slightly decreased from 89.8 to 86.6% after being reused five times in 30 min. The actual content of Mn and Ce in the Mn-Ce/HZSM-5 catalyst was determined by ICP-AES, and the results showed that the content of Mn and Ce in the Mn-Ce/HZSM-5 catalyst was 4.6 wt.% and 4.3 wt.%, respectively. A little leaching of Mn and Ce from the catalyst was found in the system. However, after four times, the leaching percentages of Mn and Ce were only 4.1% and 2.9%, respectively, indicating insignificant effect on the catalytic capacity. So, it could be concluded that Mn-Ce/HZSM-5 maintained good stability in the catalytic ozonation of BPA.
CONCLUSIONS
Effective degradation of BPA was obtained by Mn-Ce/ HZSM-5 heterogeneous catalytic ozonation. The BPA Figure 6 | Effect of different amounts of catalyst on BPA degradation (initial BPA concentration 50 mg/L, ozone flow rate 4.5 mg/min, pH 7.0). removal could reach 89.3% during the catalytic ozonation with Mn-Ce/HZSM-5 catalyst at 30 min, while it was 50.5% using ozone alone and only 7.3% using Mn-Ce/ HZSM-5 alone. The formation of hydroxyl radicals in the Mn-Ce/HZSM-5/O 3 process was confirmed by the addition of TBA, a well-known radical scavenger. The Mn-Ce/HZSM-5 catalyst could also enhance TOC removal efficiency to 90.4% in 30 min compared to 28.1% with non-catalytic ozonation. In the range investigated, increasing pH value to higher than the pH PZC of the catalyst (pH ¼ 6.9) and the catalyst dosage to more than 3 g/L, had a negligible effect on the catalytic degradation of BPA. Optimum removal occurred at an initial pH of 7 and dosage of Mn-Ce/HZSM-5 of 3 g/L. The Mn-Ce/HZSM-5 catalysts showed high reusability and stability concerning metal leaching to the liquid phase.
